Hydroxysafflor yellow A (HSYA) has angiogenesisregulating and neuro-protective effects, but its effects on vascular dementia (VaD) are unknown. In this study, 30 adult Sprague-Dawley rats were randomly allocated to fi ve groups: normal, sham-operation, VaD alone (bilateral carotid artery occlusion), VaD plus saline (control), and VaD plus HSYA. One week after operation, the HSYA group received one daily tail-vein injection of 0.6 mg/100 g HSYA for two weeks. Five weeks after operation, the spatial memory of all fi ve groups was evaluated by the water maze task, and synaptic plasticity in the hippocampus was assessed by the long-term potentiation (LTP) method. Vascular endothelial growth factor (VEGF) and N-methyl-Daspartic acid receptor 1 (NR1) expression in the hippocampus was detected via Western blot. We found that, compared with the group with VaD alone, the group with HSYA had a reduced escape latency in the water maze (P <0.05), and the LTP at CA3-CA1 synapses in the hippocampus was enhanced (P <0.05). Western blot in the late-phase VaD group showed slight up-regulation of VEGF and downregulation of NR1 in the hippocampus, while HSYA signifi cantly up-regulated both VEGF and NR1. These results suggested that HSYA promotes angiogenesis and increases synaptic plasticity, thus improving spatial learning and memory in the rat model of VaD.
INTRODUCTION
Vascular dementia (VaD) is a syndrome characterized by acquired mental dysfunctions resulting from brain damage of cerebrovascular origin. It is the second most common cause of dementia in the elderly after Alzheimer's disease, causing 20-30% of all elderly dementia cases [1] , while an increasing number of studies suggest an even higher percentage of elderly dementia caused by VaD [2] . However, so far, no drug has been approved by the FDA for VaD hippocampus is considered to be essential for cognition, and it is also an indicator of synaptic plasticity at the cellular level [3] . The N-methyl-D-aspartic acid receptor (NMDAR) is the main regulator of synaptic plasticity and LTP, and it is closely associated with learning and memory [4, 5] . NMDARs are composed of at least seven subunits: one NR1 subunit, four NR2 subunits (NR2A, NR2B, NR2C and NR2D) and two NR3 subunits (NR3A and NR3B). The NR1, NR2A
and NR2B subunits are essential for the regulation of synaptic plasticity, however, the interactions between these subunits in LTP as well as their infl uence on learning and
memory are yet unclear [6] [7] [8] [9] . Vascular endothelial growth factor (VEGF) stimulates endothelial cell proliferation and promotes neovascularization [10] . Studies have reported that VEGF induces neurogenesis not only in the subependymal zone but also in the hippocampus, thus enhancing learning and memory, separately from increasing angiogenesis in the hippocampus [11, 12] .
Saffl ower yellow is a natural pigment of the saffl ower, [13] . Its effects on angiogenesis and neuroprotective action in cerebrovascular and neurodegenerative diseases have become hot topics in recent years [14, 15] . In addition to antiinfl ammatory and antioxidant effects, its protection against apoptosis and effects on NMDARs have been found important for neuroprotection [14] [15] [16] [17] [18] [19] .
In this study, we evaluated the effects of HSYA on spatial memory, synaptic plasticity and VEGF, and explored the molecular mechanism for the improvement of spatial memory in a rat model of VaD.
METHODS

Animals
Thirty healthy adult male Sprague-Dawley rats weighing 280-300 g were provided by the Laboratory Animal Center of the Chinese Academy of Military Medical Science. The animals were group-housed at a stable temperature of ~20°C, with food and water ad libitum under a 12-h light/ dark cycle (lights on at 07:00). This study was approved by Tianjin Medical University Animal Care and Use Committee.
Rats were randomly allocated to five groups (n = 6 rats/group): normal control (X), sham operation (Y), VaD alone (C), VaD + HSYA (H) and VaD + saline control (S).
Rat Model of VaD
Permanent bilateral common carotid occlusion (2-VO) was used to establish the VaD model, and the experimenters were blind to the grouping (C, H or S) before conducting operations. Prior to 2-VO, the animals were fasted for 12 h and water-deprived for 4 h. After weighing, the rats were anesthetized by intrapertoneal injection of 3.5 mg/kg chloral hydrate and then fi xed supine on a heated pad; then both carotid arteries were gently exposed and permanent artery occlusion was implemented by double ligation.
Groups and Treatments
One week after model establishment, the VaD rats in group H received HSYA (Zhejiang Yongning Pharmaceutical Co., Ltd, Taizhou, China) via tail vein at 0.6 mg/100 g body weight dissolved in 1 mL saline. The same procedure was followed in group S but with 1 mL saline only. The treatment was continued for two weeks with one injection per day.
Morris Water Maze
The place navigation task in the water maze was used to assess learning and memory, and lasted for five days.
From day 1, the rat was released into the water facing the pool wall at each landmark (the four quadrants each had a landmark on the wall) in a specific sequence. If the rat found the hidden platform in quadrant III and stayed on the platform for >2 s, it was deemed successful, and the time to fi nd the platform was recorded as the escape latency. If the rat did not fi nd the platform within 120 s, it was manually guided there, allowed to remain for 15 s, and its escape latency was recorded as 120 s. The swimming path and speed were also recorded. The rat was placed in the water from all 4 landmarks each day, with an interval of 30 min for resting; this procedure was continued for fi ve days.
On day 6, a spatial probe task was conducted to evaluate spatial memory. The hidden platform was removed and rats were released into quadrant I, then within 30 s, the time spent in quadrant III (platform quadrant) was recorded. By multiplying the swimming speed by the time spent in quadrant III, the swimming distance in that quadrant was calculated.
Then the distance covered in the platform quadrant was divided by the total swimming distance during the 30 s to provide an index of the spatial memory of that animal. 
Analysis of VEGF and NR1 by Western Blot
The hippocampus was taken from the brain after decapitation of rat. After 30-min incubation on ice, 500 mg tissue was homogenized on ice with an ultrasonic homogenizer in 1 mL radioimmunoprecipitation assay (RIPA) and phenylmethylsulphonyl fluoride (PMSF) lysis buffer (Millipore, Billerica, MA) with RIPA:PMSF at 100:1.
Then the homogenate was centrifuged at 13 000 rpm for 15 min at 4°C, 20 μL supernatant was used to determine the protein concentration, and the remaining lysate was boiled for 10 min after mixing with 2× SDS gel loading buffer at 1:1
The total amount of protein in the loaded sample was adjusted to 80-150 μg to ensure even loading across samples in the same electrophoresis. Bromophenol blue 
Statistical Analyses
Statistical analyses were conducted with SPSS (ver. 13.0).
Data are presented as mean ± standard deviation (SD).
The one-way ANOVA was used to assess differences among groups, and the LSD method was used for multiple comparisons. P <0.05 was considered to be significantly different.
RESULTS
Neurobehavioral Assessment with Water Maze Tasks
Dementia was successfully developed in all three groups undergoing the 2-VO procedure, and there was no signifi cant difference in the escape latency among groups C, H and S.
During the 5-day place navigation task, there was a trend for shorter escape latencies in all the groups, groups X and Y being the most evident, and groups C and S the least. From day 1, group C had longer escape latencies than groups X (P = 0.009 on day 1, P = 0.000 on days 2-5 respectively) and Y (P = 0.013 on day 1, P = 0.000 on days and the swimming distance within that quadrant were both signifi cantly shorter than those in group Y (both P = 0.000).
However, group H spent more time (P = 0.014) and had longer swimming distances (P = 0.045) in the platform quadrant than group C (Table 2 ).
LTP at CA3-CA1 Synapses in Hippocampus
After high-frequency stimulation, the slopes of fEPSP were standardized to the baselines, and the results showed that groups X and Y had the highest values while groups C and S had the lowest. Besides, the values in group H were higher than in groups C and S (P <0.05) (Fig. 1) .
Assessment of Protein Expression by Western Blot
VEGF was found in the hippocampus in all groups at 44 kD (its molecular weight) (Fig. 2) . Groups C and S had slightly higher VEGF expression than group Y, while group H had signifi cantly higher VEGF expression than groups C and S (Fig. 2) .
NR1 expression was found in the hippocampus of each group at 120 kD (Fig. 3) . Group C showed decreased NR1 expression while in group H it was increased (Fig. 3) .
DISCUSSION
The pathogenesis of VaD involves a series of molecular and structural changes that include infl ammatory reactions, 2-5), but group H showed a shorter escape latency than group C after day 3 (P = 0.220, 0.055, 0.003, 0.002, and 0.000 on days 1-5 respectively) ( Table 1) .
The results of the spatial probe task on day 6 showed that in group C, the time spent in the platform quadrant Originally developed by Morris in the 1980s, the water maze is used to assess spatial learning in rodents [20] . In this study, we used the reliable and effi cient experimental procedure introduced by Vorhees [21] , which detects changes in spatial learning and memory due to lesions or medications. The results showed that the VaD plus HSYA [22] : after the initial stimulation there was a long-lasting potentiation or an increase in current fl ow, which was thus named LTP. Our study revealed that HSYA enhanced LTP at CA3-CA1 synapses in VaD rats;
LTP in the hippocampus has been reported to induce longlasting enhancement of synaptic effi cacy and plasticity, and consequently strengthens learning and memory [23] [24] [25] [26] .
The activation of NMDARs requires the combination of glutamate and a co-agonist, either glycine or D-serine, and this co-agonist combines with two NR1 subunits of the NMDAR tetramer [27] . With NR1 activated, LTP is established and the negative effects of NMDARs on spatial learning and memory are thus inhibited and reduced [28] [29] [30] . Yang studied cortical neurons from rats pre-treated with NMDA in vitro, and revealed that HSYA reduces Bax expression, restores the balance between pro-and anti-apoptotic proteins, and reverses the up-regulation of NR2B mediated by NMDA, while NR2A is not affected in this process [19] . In our study, Western blot showed that HSYA increased the expression of NR1 in the hippocampus of VaD rats, which facilitated the enhancement of LTP.
VEGF was initially found to be a vascular permeability factor, and was considered as an endothelium-specific mitogen for a long time [31] . The VEGF family contains six members: from VEGF-A to VEGF-E and placental growth factor. These factors are important for angiogenesis and the regulation of endothelial cell functions. VEGF-A is essential for angiogenesis during both development and adulthood, and its signal transduction is mediated by the activation of two tyrosine kinase receptors: VEGFR-1 (Flt21) and VEGFR-2 (KDR) [32] . Specifi cally inactivating VEFG-A in the developing brain impairs angiogenesis and retards brain and skull development with signifi cant neuronal apoptosis [33, 34] .
Other studies of anti-angiogenic treatment showed that VEGF-A not only infl uences vascular endothelial cells but also affects neurons. Early in brain development, VEGF-A is expressed in the neuroectoderm of the ventricular zone, while VEGFR-1 and VEGFR-2 exist mainly in migrating endothelial cells [35, 36] . In vitro studies revealed that VEGF-A and VEGFR-2 are expressed in neural stem cells of the subventricular zone of the lateral ventricles in rodents [12, 37, 38] .
VEGF-A stimulates neural stem cell proliferation in a dose-dependent manner and inhibits apoptosis, and intraventricular injection of reconstituted VEGF-A promotes neurogenesis in the subventricular zone and the dentate gyrus, and reduces neuronal apoptosis [12] . In this study, VEGF-A was detected in all groups, and the HSYA group had the highest expression. increases the accumulation and transcriptional activity of HIF-1α, which improves the hypoxic tolerance of vascular endothelial cells, and increases the cell proliferation rate [39] .
However, when the effects of HSYA on human umbilical vein endothelial cells under normal and tumor conditions were studied using the MTT method, EVC304 growth was promoted by a high concentration of HSYA, while a low concentration inhibited growth, and this inhibitory effect gradually increased as the concentration of HSYA decreased [40] . Therefore, the effects of HSYA on VEGF and 
